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Order-disorder phase transitions driven by temperature or light in soft matter materials exhibit complex dissipative structures. Here, we investigate the spatio-temporal phenomena induced by light in a dye-doped nematic liquid crystal layer. Experimentally, for planar anchoring of the nematic layer and high enough input power, photoisomerization processes induce a nematicisotropic phase transition mediated by interface propagation between the two phases. In the case of a twisted nematic layer and for intermediate input power, the light induces a spatially modulated phase, which exhibits stripe patterns. The pattern originates as an instability mediated by interface propagation between the modulated and the homogeneous nematic states. Theoretically, the phase transition, emergence of stripe patterns and front dynamics are described on the basis of a proposed model for the dopant concentration coupled with the nematic order parameter. Numerical simulations show quite a fair agreement with the experimental observations. This article is part of the theme issue 'Dissipative structures in matter out of equilibrium: from chemistry, photonics and biology (part 2)'.
Experimental set-up and results
The experimental set-up is depicted in figure 1a . DDLC cells are subjected to a Gaussian laser beam in the absorption band of the dopant. The liquid crystal layers consist of the nematic E7 doped with the azo-dye methyl-red, concentration lower than 1.0% in weight. The mixture is injected in between two polyvinyl alcohol-coated glass plates, which are rubbed to favour the planar alignment of the liquid crystal molecules. The cell gap is 25 µm. We consider two types of cells, characterized by different anchoring conditions: first, planar cells, with a planar anchoring of the LC molecules, that is molecules are oriented parallel to the glass plates and parallel in the orientations over each glass plate (figure 1b), then, twisted cells, with a twisted anchoring of the LC molecules, that is molecules are oriented parallel to the glass plates and orthogonal in the orientations of each glass plate (cf. figure 1c) . As we will observe, the light through the photoisomerization process will induce different phenomena depending on the anchoring of the liquid crystal cells (planar or twisted). The DDLC cell is irradiated by a frequency-doubled Nd3:YVO4 laser with wavelength λ 0 = 532 nm in the absorption band of the dopants, vertically polarized (following the y-axis, figure 1 ). Two plano-convex lenses L 1 and L 2 double the laser beam diameter. In the case of planar cells (figure 1a), these are oriented at 45 • with respect to the input beam polarization, hence, the angle between the input light polarization and the nematic director is 45 • . In the case of twisted cells (figure 1b), these are oriented in such a way that the first plate is parallel to the input beam polarization; hence, the nematic director at the exit plate is twisted of an angle of 90 • with respect to the input light polarization. A polarizing beam-splitter-which is configured so as to be orthogonal to the incident light-is placed in between the LC sample and the CCD camera in order to distinguish the molecular orientation in the sample. The cell was subjected to input powers P 0 from 5 mW up to 700 mW. All experimental observations were made at room temperature.
As the samples are not illuminated, the dye molecules are in the trans state and oriented along the liquid crystal nematic director [12] . When the samples are illuminated by a light beam in the absorption band of the dopants, the scenario changes because the light induces a photoisomerization process and the dopants undergo a transition from the trans to the cis-state, corresponding to different molecular configurations of the azo-dyes [12] . Likewise, the dyes in the cis-state favour the reorientation of the liquid crystal molecules. However, the liquid crystal molecules are oriented in different directions as a result of intermolecular interaction. Hence, this transition is characterized by a loss of liquid crystal molecular order-which corresponds to an entropic effect-and, correspondingly, by a decrease of the order parameter and consequent modification of the refraction index [12, 13] . The samples under study are irradiated with a Gaussian laser beam, then the intensity that crosses the sample has the form
where I 0 is the maximum value of the intensity at the centre of the light beam and w stands for the waist of the optical beam.
(a) Planar cells
By increasing the input power of the light beam from 5 to 350 mW, the planar aligned LC layer exhibits an illuminated region of the order of 5 mm. After about 10 s of illumination, a circular front develops in the inner region of the light beam, letting a dark disc grow [17] . The disc diameter increases in the transient regime with a decreasing speed and becomes motionless at the end. Figure 2 illustrates the propagation of this circular front. The light extinction in the central disc is a manifestation of the isotropic phase, which is surrounded by the nematic phase. Because the polarization of the light and the polarizing cube are orthogonally configured, in the isotropic phase (non-birefringent medium), the light cannot cross the cube, that is, the light transmission is zero. Indeed, in the illuminated area, the dyes photoisomerization induces a phase transition to the isotropic state. Theoretically, based on nascent of bistability model with inhomogeneous coefficients allows quantitatively and qualitatively explain this adaptive front dynamics [17, 18] . However, this description was not derived from the physics of liquid crystals and concentration of dopants, which are fundamental elements in the phenomenon under study. As we will show in the theoretical section, from equations of the dopant concentration coupled with the nematic order parameter a nascent of bistability model can, indeed, be derived.
The nature of the nematic-isotropic transition is of first-order type, and the system exhibits a region of coexistence between two stable states [17] . Figure 3a shows the experimental bifurcation 
2 , I 0 = 1 and w = 50. The origin of the coordinates is located at the centre of the frame.
diagram of the nematic-isotropic transition. It depicts the liquid crystal cell transmissivity T versus input power of the light. Notice that, without any external forcing, and at room temperature, the sample is in the nematic phase, and the clearing point for the liquid crystal used in our mixture, is around 58 • C, which is below the critical temperature of the isotropic-liquid transition. Figure 3b shows the theoretical bifurcation diagram of the transmissivity as a function of the bifurcation parameter in a liquid crystal cell between crossed polarizers in 45 • with respect to the anchoring axis and considering that the difference between the ordinary and extraordinary refraction indices are small [19, 20] .
(b) Twisted cells
Twisted anchoring conditions of the LC molecules favours the dopant molecules to be positioned with different orientations, which ensures a relevant coupling with the light that crosses the sample. Indeed, depending on the relative orientation of the light polarization and orientation of the dopant, the photoisomerization process can become more efficient [12] . Therefore, twisted DDLC are expected to exhibit a dynamical phenomenology richer than that observed in the case of planar cells.
Noticeably, illumination of the sample with a light beam of moderate power creates the gradual emergence of stripe domains between nematic states. These patterns correspond to distributions of molecules that are locally alternated between regions of higher and lower orientational order, even though remaining nematic. First, the stripe patterns appear in the peripheral region of the illuminated area, then, the stripe domains invade the whole illuminated zone. This front propagation takes about 3 h to invade an area of 3 cm 2 . After a while, the different domains are merged, generating several defects. Mainly dislocations are identified, which are characterized by local joints of stripe regions with different wavenumber [3] . Figure 4 shows a sequence of snapshots of the typical stripe patterns, dislocations defects and front propagation. This pattern corresponds to a spatial modulation of the nematic LC molecular orientation. Clearer stripes (darker stripes) in figure 4 account for regions where molecules are more (less) ordered. It is worthy to note that the stripe patterns are mostly oriented orthogonally to the direction of the light electric field. The wavelength of the stripe patterns is in the range 10-15 µm, which is of the same order of the cell thickness. The light intensity emerging from the twisted DDLC accounts for the molecular orientation, which is characterized by transverse spatial oscillations. 
Theoretical description
In order to understand the dynamical behaviour of the optically driven DDLC cells, let us introduce a scalar order parameter S(r, t) that accounts for the alignment of the molecules along a given direction [5] [6] [7] , defined by S(r, t) ≡ where the brackets · mean spatial average in a microscopic element volume in the position r and θ is the angle between the molecules and the local preferred direction [5] [6] [7] . Hence, the scalar order parameter for a perfectly aligned nematic phase is S = 1 and for an isotropic phase is S = 0. The transition between a nematic and isotropic phase is described by the Landau-de Gennes theory [6] 
where A, B and E are parameters that characterize the transition and H accounts for the diffusion coefficient of the order parameter. All the parameters have adequate dimensions. This theory is based on the fact that the free energy depends in a polynomial form on the order parameter S, which is coupled to nearest neighbours and always the isotropic state is an equilibrium. This model, equation (3.8) , predicts that the nematic-isotropic transition is of subcritical nature when the parameter A is modified [5] [6] [7] . On the other hand, the concentration of molecules in the cis-state C(r, t) satisfies a relaxation and diffusion equation of the form [12]
where λ is the decay rate related to the transition from cis to trans state by thermal relaxation. δ accounts for the diffusion coefficient of the concentration of molecules in the cis-state. C 0 is the equilibrium concentration of molecules in the cis-state, which depends on the temperature and is proportional to the total intensity of the incident light I. The equilibrium concentration is modelled by
where γ and η are dimensional parameters [12] and C T is the equilibrium concentration of molecules in the cis-state determined by the temperature. Then, the concentration C 0 grows linearly with the light intensity for small intensities, while it saturates at γ /η for large intensity. The addition of dye-dopants increases the nonlinear response of liquid crystals under the excitation of external fields [11] [12] [13] [14] [15] [16] [17] . In order to account for dynamical behaviour mediated by the photoisomerization process in a dye-doped nematic layer, let us to propose a model that couples the concentration of molecules in the cis-state C(r ⊥ , t) and the scalar order parameter S(r ⊥ , t), by the following equations
where r ⊥ = {x, y} stands for the transverse coordinates of the LC layer. The longitudinal direction being small compared with the transverse directions, the spatial dependence along it can be ignored by temporal scale separation. The parameter α accounts for the reduction of the cisstate concentration when the LC molecules are more aligned (larger S) because the dopants tend to be oriented in the direction of the molecules (transition from cis to trans) [12] . Owing to the process of photoisomerization and elastic features of the liquid crystal, all transport processes must be anisotropic [6, 11, 12] . It is important to note that the molecular anchoring strongly modifies the anisotropic properties of the parameters. Indeed, {δ ⊥ , δ } are the diffusion coefficients of the dopant concentration in the parallel and orthogonal direction with respect to the incident light electric field. β stands for the entropic effect of the photoisomerization process, that is, by increasing the concentration of the cis molecules, the disordered state is favoured. propagation of the order parameter. In addition, for simplicity, we only consider anisotropy in the diffusion of dopants. Equations (3.5) are a non-variational model, namely, this set of equations do not derive from the variation of a free energy. This is because the system is out of equilibrium and the forcing is mediated by the continuous presence of the incident light field [2] .
(a) Bifurcation diagram
For the sake of simplicity, we consider that the lighting is homogeneous (I is constant). Hence, the above model, equations (3.5), has two homogeneous states (S, C) = (S IS , C IS ) ≡ (0, C 0 ) and
which accounts, respectively, for an isotropic and a dye-doped nematic phase. Figure 3b shows the bifurcation diagram of these states. This bifurcation diagram corresponds to a pitchfork transcritical bifurcation [4] , which is controlled by the bifurcation parameter
For large values of A(I), the only homogeneous equilibrium is the isotropic state (S = 0). Decreasing the parameter, there is a critical value, A(I) = A * = (αβ + B) 2 /4E, from which the system presents coexistence with the nematic phase (cf. figure 3c ). This state emerges by means of a saddle-node bifurcation. Then, for smaller values of the bifurcation parameter, the system exhibits coexistence of phases. The isotropic state exhibits a transcritical instability when the bifurcation parameter becomes zero (figure 3c). However, before the transcritical bifurcation depending on the coupling parameter α, the isotropic state can exhibit a spatial instability, which is highlighted by the A P IS symbol in figure 3c . For negative values of the parameter, the only stable phase is the nematic phase. 
(b) Front propagation between homogeneous states
In order to take into account the effect of the planar layer illuminated by a Gaussian beam, we simulate model (3.5) with an inhomogeneous intensity I(x, y, I 0 , w), as given by formula (2.1). In addition, to be more realistic, we have added white noise to each equation, with a small level of noise intensity. Figure 2 shows a comparison between the experimental observations and numerical simulations of model (3.5) , where the nematic-isotropic transition is driven by a Gaussian light beam. The dynamics observed show a good agreement. Namely, by increasing the input power parameter I 0 , after a transient, a circular front develops in the perturbed inner region, letting a dark disc to grow. The disc diameter increases in the transient regime with a decreasing speed and becomes motionless at the end.
The previous dynamical behaviour can be described universally by means of a bistable model with inhomogeneous parameters [17, 18] . In order to reconcile our description with this universal one, we consider the limit for which the light beam varies slowly (w 1) and the decay rate related to the transition from cis to trans state is much faster than the variation rate of the order parameter (λ A). In this limit, the cis-state concentration can be eliminated adiabatically and satisfies C ≈ C 0 (x, y, I 0 , w) − αS. Hence, the order parameter S satisfies the effective Landau-deGennes model that by means of pulsed light, one can induce molecular disorder and molecular reorientation of pure liquid crystals [21] . Namely, it can be seen that light generates the emergence of fronts between different phases. However, these types of effects have been observed for intense power beams at least two orders of magnitude greater than those studied in the present study [21] .
(c) Front propagation and pattern formation
The twisted illuminated cells show a rich dynamical behaviour between striped patterns and homogeneous states (figure 4). Because the molecules of the dopant have different orientations inside the cells as a result of the anchoring conditions, one expects that the coupling between the order parameter S and the concentration of the cis-state C will be stronger in comparison to planar cells. For small coupling α between the order parameter and the cis concentration, the stable equilibrium corresponds to the homogeneous nematic phase (S + , C + ). By increasing the coupling parameter α, the homogeneous nematic phase becomes unstable, giving rise to the emergence of striped domains. Namely, the system exhibits a spatial instability. Figure 4b shows the typical observed stripe pattern when a weak anisotropy is considered (δ ∼ δ ⊥ ). All numerical simulations presented are obtained by considering a finite differences code with Runge-Kutta order-4 algorithm. In the case of considering the isotropic limit, model equation (3.5) exhibits hexagonal patterns, which is inconsistent with the experimental observations. The origin of this anisotropy is due to the photoisomerization process and the anisotropic interaction between molecules [6, 11, 12] . Indeed, liquid crystals are anisotropic materials by nature. Hence, the light polarization induces stripes patterns in a privileged spatial direction. Experimentally, stripes patterns are mainly orthogonal to the input light polarization. Notice that the observed experimental textures show quite a good agreement with that obtained from the model equation (3.5) . The observed patterns are physically interpreted as molecules that locally alternate between regions of higher and lower orientational order. Namely, this pattern accounts for spatial modulation of the order parameter S and the concentration of the cis-state C. Owing to the refractive index dependence with the molecular orientation, the light that crosses the liquid crystal cell displays bands of different intensities, as seen in figure 4 .
In order to understand the mechanism giving rise to the appearance of the stripe domains, a linear stability analysis over the homogeneous nematic phase (S + , C + ) was performed. We consider, for the sake of simplicity, the isotropic case of model (3.5), i.e. δ = δ ⊥ ≡ δ. By using an ansatz
where σ is the growth rate and k the wavevector, in equations (3.5), and by keeping only the linear terms in S and C, we obtain a relation between the growth rate and wavevector, σ (k, {λ, C 0 , δ, α, β, D, A, E, H}), which is a complex function of two components. Figure 5 displays the real part of the growth rate, Re(σ ), as a function of the wavenumber k = k for fixed parameters at the spatial bifurcation (α = α c ) and below the spatial instability (α < α c ). The spatial instability of the homogeneous nematic phase occurs while increasing the coupling parameter α above a critical value α c . We then consider the anisotropic case ( δ = δ ⊥ ) of model (3.5) . In this case, the instability occurs in the most unstable direction on wavenumber space, which depends on the relative values of δ and δ ⊥ , so that, beyond the instability the stripes will be along the direction of the smallest diffusion coefficient, which corresponds to the direction orthogonal to the input light polarization (δ > δ ⊥ ). To analytically determine the wavenumber, one can consider the limit that the temporal evolution of the cis concentration is fast compared to the dynamics of the order parameter, i.e. λ A. At this limit, one can remove the concentration of the cis state adiabatically, replace this in the equation of the order parameter S, equation (3.5) , and from this effective equation one can determine the critical wavelength which has the form responsible for the emergence of patterns. That is, the emergence of these patterns is associated with a Turing-type instability [22] .
Conclusion
Soft matter materials doped with azo-dyes and irradiated by light may exhibit unexpected spatio-temporal dynamical behaviours. In particular, isometric azo-dyes transitions can generate order-to-disorder transitions in liquid crystals. We have shown that for high enough input light power, samples with planar anchoring illuminated by a Gaussian beam present a transition from a nematic to an isotropic phase. The photoisomerization process is the physical mechanism at the origin of this transition. As a result of the applied Gaussian beam, the nematic-isotropic transition is mediated by an interface propagation between phases. In the case of a twisted dye-doped liquid crystal layer, and for intermediate input power, the light induces a spatially modulated nematic phase, which manifests itself as a stripe pattern. The physical origin of this instability is due to the differences of transport scales and relaxation processes for the order parameter and the cis-state concentration. To describe these phenomena, we have proposed a model for the dopant concentration coupled with the nematic order parameter, which allows us to explain the emergence of stripe patterns and front dynamics. Numerical simulations show quite a fair agreement with the experimental observations. Hence, the appearance of stripe nematic patterns correspond to a genuine Turing instability. This instability is mediated by the interface propagation between the modulated and the homogeneous nematic phase. The optical properties presented by dye-doped nematic liquid crystals when they are illuminated with light in their absorption band show interesting spatial and temporal behaviours, such as front propagation, phase transitions and the emergence of patterns. These observations open the bases for applications in optical selective and smart windows, able to adapt their polarization properties depending on the intensity of the light to which they are subjected.
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